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Abstract
In eukaryotes, three quarters of the DNA is wrapped around
histone proteins, forming a string of nucleosomes. This
organization condenses the DNA considerably, and at the same
time restricts it accessibility for DNA binding proteins.
Conformational dynamics of the nucleosome, like partial release
of the DNA, called nucleosome breathing, plays an important part
in regulating this accessibility of the genetic information. To study
the wrapping and unwrapping in DNA breathing we followed
the Fo¨rster Resonance Energy Transfer of a pair of fluorophores
placed in the nucleosome, in time. We selected a single
nucleosome immobilized on glass from an image acquired by a
scanning confocal microscopy. Data acquisition and analysis
software was developed to record and process time trace of
individual nucleosomes with sub ms resolution. Although we can
now reach the required temporal resolution to resolve nucleosome
breathing, we did not observe it. A large fraction of the
nucleosomes did not show FRET after surface immobilization
suggesting partial disassembly, which prevented statistical
analysis of large numbers of nucleosomes.
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Chapter1
Introduction
The genetic instructions for all known living organisms are encoded in
DNA. In order to package the double helix DNA into eukaryotic cell nu-
clei, the DNA is condensed into chromatin, consisting of several levels
of organization. The first structure formed is the nucleosome: 147 base
pairs of DNA wrapped 1.65 times around a core of histone proteins. His-
tones and DNA interact through electrostatic interactions, forming a stable
DNA-protein complex [1]. The condensation of DNA into chromatin lim-
its its accessibility for other proteins.
For transcription to occur for example, the DNA has to temporarily un-
wrap from the nucleosome. This unwrapping occurs randomly by thermal
fluctuations. This gives DNA processing proteins the chance to interact
with DNA inside the nucleosome. The spontaneous, transient unwrap-
ping of the DNA is called nucleosome breathing. Previous experiments
show that nucleosome breathing leads to at least two states, with lifetimes
for the closed state: 280 ms and for the open state: 25 ms [2].
Figure 1.1: Spontaneous site exposure of the DNA in nucleosomes by nucleosome
breathing (image from [2]).
Since the conformational changes in length scale between the open and
closed state of a nucleosome are smaller then the diffraction limit, nucleo-
some breathing cannot be resolved by ordinary light microscopy. In order
to see the dynamics in a nucleosome new accuracy is required, which can
be achieved by Fo¨rster Resonance Energy Transfer (FRET) [3]. For this
technique nucleosome are labelled with two organic fluorophores (also
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called dye). The dyes are placed at controlled positions on the DNA,
which forms part of the nucleosome. Diluting the nucleosomes down
to sub nanomolar concentrations makes the distance between molecules
large enough so individual nucleosome can be distinguished. The dynam-
ics of a single nucleosome can be resolved by changes in FRET efficiency,
which is strongly dependent on the distance between the two dyes.
Two types of microscopes have been used to detect the fluorescence
from single proteins. First, a confocal microscope operated in fluores-
cence correlation spectroscopy mode (FCS). Nucleosomes in solution dif-
fuse through a focused laser beam. The fluorescence of the individual
nucleosome is measured by single-photon avalanche photo diodes which
have excellent time resolution and sensibility. The nucleosomes stay only
briefly in focus so individual nucleosomes can only be followed for several
ms [2]. Secondly, Total Internal Reflection Fluorescence (TIRF) microscopy
is used. Here the nucleosomes are immobilized to the cover slip and the
evanescent file of a reflected unfocused laser is used to image a wide field
of view on a CCD camera [4].
Both techniques have their own advantages: TIRF microscopy can mea-
sure many nucleosomes parallel and the observation time of a single im-
mobilized nucleosome is not limited by the time of a nucleosome diffusing
through the focus of the confocal setup. On the other hand the time resolu-
tion of the confocal setup is only limited by the dead time of the detectors
(typical 100 ns), whereas the read out time of a CCD camera is typically
10ms.
For detailed study of nucleosome breathing one wants to combine the
temporal resolution of the confocal microscope and the field of few of the
TIRF setup. In order to detect multiple immobilized nucleosomes, the
confocal microscope, that was operational in the lab was upgraded to a
scanning confocal setup by the instalment of a piezo stage. This creates
the opportunity to produce an image of a large field of view (as in TIRF)
by the confocal setup. After individual molecules has been identified the
piezo moves the focus to the molecule and measure its fluorescence inten-
sity until it bleaches, before moving to the next nucleosome.
We show that from the scanning confocal microscopy image, single nu-
cleosomes can be identified and that the fluorescence behaviour of these
nucleosomes can be followed in time. Furthermore, we have shown that
we reach the needed temporal resolution to measure nucleosome breath-
ing.
2
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Single-Molecule Fluorescence
2.1 Fluorescent Molecules
A fluorescent molecule is a molecule that emits a photon after excitation
by absorption of a photon with higher energy. Typically, for the excitation
of the molecule a laser is used. The laser wavelength is chosen to coincide
with the highest absorption efficiency of the molecule.
The excited molecule can fall back to its ground state by emmision of
a photon at a higher wavelength (thus lower energy). The difference in
energy is known as the stokes shift. A typical emission and absorption
spectra is shown in figure 2.1. The larger the stokes shift, the easier it is to
separate the emission photons from the excitation photons.
Figure 2.1: Absorption and emission spectra of Rhodamine 6G including a stokes
shift of about 25 nm (image from [5]).
The amount of photons emitted by the fluorescence molecule depen-
dents on the excitation intensity, the absorption cross selection of the molecule,
the quantum yield of the molecule, and its fluorescence life time. At max-
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imum excitation intensity, the fluorescence intensity is ultimately limited
to the latter two, yielding a brightness of up to ∼ 106 photons per second
[6].
2.2 Photoblinking and Photobleaching
Fluorophore molecules do not emit photons for infinity. There is a limit to
the timespan that they are emitting photons (if illuminated). The abrupt
and permanent termination of fluorescence is what is called photobleach-
ing. Photobleaching is caused by change of the molecule structure [7] and
is usually caused by oxygen [8]. Single step photobleaching is an indicator
that the fluorescence originated from a single molecule, since the chance
that two molecules bleach at the same time is very small.
Fluorophores can also exhibit a discrete fluctuations of intensity be-
tween the ”on-level” and the ”off level”. This is called photoblinking. A
cause of photoblinking is the crossing from an excited singlet state into a
triplet state. During the life time of the triplet state the emission of the flu-
orophores is interrupted. After the molecule decays from the triplet state
to the ground state, the ordinary fluorescence is resumed [9].
In conclusion, photoblinking and photobleaching limit the detection of
single fluorescent molecules, both in the amount of photons emitted and
in the brightness.
2.3 FRET
The technique of Fo¨rster Resonance Energy Transfer (FRET) combines a
pair of fluorescent molecules of which the emission spectrum of one over-
laps with the absorption spectrum of the other. If the distance between the
fluorescent molecules is sufficiently small, energy transfer takes place (see
figure 2.2). As a result of the dipole-dipole coupling nature between the
fluorophores the efficiency E of FRET is described by an inverse 6th power
law:
E =
1
1 + RR0
6 (2.1)
with R0 (Fo¨rster radius) the donor-acceptor distance at which E is 50%.
A typical value for R0 is around 5 nanometers. This is smaller than the
nucleosome. So FRET can be used to study the conformational changes
of the DNA in the nucleosome when a pair of fluorophores is placed at
well-chosen locations in the nucleosome, as shown by Li and Widom [10].
4
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Figure 2.2: Jablonski diagram of fluorescence and FRET, showing the energy loss
that takes place. The blue line shows the excitation of the molecule, followed by
the non-radiative decay (orange) and the fluorescent decay by the donor (green)
or the acceptor (red). The energy transfer required for FRET is shown by the black
dotted lines. The typical timescales are indicated (image from [11]).
Figure 2.3 shows the positioning of a pair of fluorescent labels on the nu-
cleosomal DNA which can monitor nucleosomal breathing.
Figure 2.3: Nucleosome breathing can be resolved by changes in FRET by placing
the fluorophore pair at well-chosen positions on the DNA. If the nucleosome is
closed R < R0 and there can be fluorescence due to FRET. If the nucleosome is
open R > R0, there cannot be a FRET signal.
The efficiency E can be experimentally determined from the donor and
acceptor intensity, when the donor is excited:
E =
IA
IA + γID
(2.2)
where IA and ID are the measured acceptor and donor intensities and γ
is a correction factor for the differences in donor and acceptor quantum
yield and the differences in efficiency of the detectors used.
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2.4 ALEx
A complication in interpreting the FRET efficiency in terms of nucleosome
structure is the limited stability of the dyes. When the acceptor bleaches or
blinks there is a loss of FRET, just as in the case of an open nucleosome. To
see the difference between the photo physical and the dynamics of the nu-
cleosome, alternating-laser excitation (ALEx) is used [12]. The technique
uses fast alternations between the two lasers. One laser excites the accep-
tor and one laser excites the donor. Acceptor fluorescence during donor
illumination indicates FRET. Acceptor fluorescence during acceptor illu-
mination is used to check that the acceptor dye is not in a dark state. The
different cases are shown in figure 2.4.
Figure 2.4: Showing the excitation and detection signals during laser alterna-
tion. Green (striped) represents the acceptor activation and detection. Red
(full coloured) represents the donor activation and detection. Case 1 shows a
green signal that is only present during activation of the green laser, indicating
a bleached or blinking acceptor. Case 2 shows only a red signal that is present
during both laser excitations, thus showing a high FRET signal. Case 3 shows the
low FRET signal, the green fluorophore is only active during donor excitation,
whereas the red fluorophore is only active during acceptor excitation, indicating
the presence of both fluorophores.
6
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In order to experimentally determine in which state the nucleosome is,
the stoichiometry S can be calculated [13]:
S =
IDexA + I
Dex
D
IDexA + I
Dex
D + I
Aex
A
(2.3)
where IDexA and I
Dex
D are the acceptor and donor intensities when the donor
is excited, and IAexA the intensities when the acceptor is excited.
Nucleosomes with only an active donor fluorophore will have S = 1
and nucleosomes with only an active acceptor fluorophore will have S =
0. Nucleosomes which are properly folded (high FRET) will have an E
close to one and a S close to 0.5. Unwrapped molecules (Low FRET) on
the other hand will have a low E and the S close to 0.5. This mathematical
analysis allows one to identify different molecules. The analysis not only
allows for rejection of nucleosomes with fluorophores in a dark state, it
also takes care of nucleosomes with missing dyes.
The alternation time of ALEx needs to be significantly smaller than
the nucleosome wrapping and unwrapping times, so the dynamics can be
distinguished from photo effects.
2.5 Confocal Microscopy
Confocal microscopy uses point illumination. The main principle is shown
in figure 2.5. The point is selected in two ways, at first by excitation se-
lection (the focus of the laser is on a small spot), secondly, by detection
selection (the objective only detects light from the same area). The emit-
ted fluorescence is separated from the reflected excitation light by a beam
splitter. Fluorescence arising from out of focus planes is filtered out by a
pinhole placed at the focal point between two lenses.
The spatial resolution of a confocal microscopes is limited to the spot
size of the focus, described by the Point Spread Function (PSF). The PSF
is dependent on the wavelength (λ), the numerical aperture (NA) of the
objective, and the refractive index (η) of the medium. The widths of the
PSF are given by [15]:
dx,y =
λ
2NA
and dz =
2ηλ
(NA)2
(2.4)
Increasing the NA will reduce the width of the PSF, thus increasing both
lateral and axial resolution. The PSF has the shape of an Airy function but
can be approximated by a Gaussian function [16].
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Figure 2.5: Showing the original principle of the first confocal microscopy. Here
instead of two lenses the objective is used to focus the light though the pinhole.
Image from [14].
The NA depends on both the index of refraction η and on α, which
represents half the maximal angle under which the objective lens collects
light, according to the well known formula:
NA = η sin α (2.5)
A higher NA, with constant index of refraction, gives an increase in α. If
the collecting angle increases, more photons are detected from the fluo-
rophore. Since the photons are emitted in random directions the objective
captures a wider range of emission directions and thus more photons, re-
sulting in an increase of the collection efficiency (or brightness of the im-
age). The fraction of light collected by the objective, Ω, is [15]:
Ω = 2pi(1− cos α) = 2pi(1−
√
1− NA
η
2
) (2.6)
If an objective of 1.2 NA is placed in water the collection efficiency is Ω =
15%.
Combining the fraction of the light collected by the objective with the
quantum yield of the detector (∼ 50%) and scattering at surfaces (∼ 4%
at each of the 8 surfaces) leads to a total collection efficiency of 5.4%. For
a single fluorophore this results in a maximum of ∼ 54 ∗ 103 photons per
second [6].
8
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2.6 Quantifying changes in Fluorescent Intensity
The process that we are interested in, nucleosome breathing, has a time
constant of about 10 ms. To capture such dynamics accurately we aim for
a time resolution of 1 ms. Under optimal conditions one can detect 50
photons per fluorophore in this time window. Since fluorescent photons
are emitted at random times, one cannot predict the precise number of
photons that arrive in a certain time window. These resulting fluctuations
are called shot noise.
The distribution of time intervals between photons can be described
with a Poisson distribution. The fluctuations around the mean β in a Pois-
son distribution for a sufficiently large mean are described by the standard
deviation σ =
√
β, so the signal-to-noise ratio (SNR) of a photon stream is
given by:
SNR =
Nsignal
Nnoise
=
√
N (2.7)
with N the average amount of photons in a time window T.
The ∼ 54 ∗ 103 photons are detected as individual events. Ideally, no
photons would be detected when there are no fluorophores in focus. In
practice however, a small background intensity is recorded due to im-
perfect filtering of the excitation light, out of focus fluorescence and dark
count of the detectors, leading to a small background intensity B. In or-
der to distinguish the difference between signal I or the background B, the
detected photons in a (small) time window t are added together. This pro-
cedure is called binning. In the resulting time trace a significant difference
between I and B is required.
Significant signal changes in the signal are found by comparing the N
data points of a time trace before and after a point by a Student’s t-test:
t =
x¯1 − x¯2√
s21
N +
s22
N
(2.8)
x1 and x2 are the sample means and s1 and s2 are the sample variance.
The probability of observing a particular t-value depends on the degree of
freedom that is determined by:
d f =
(s21 + s
2
2)/N
(s41 + s
4
2)/N(N − 1)
(2.9)
The resulting P(t, d f ) is calculated over time and compared to a threshold:
Pt [17] .
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For the expected FRET efficiency of a fully folded nucleosome the pho-
ton budget is half the value given in paragraph 2.1, with an E=0.6 and
divided by two due to ALEx. The resulting acceptor intensity is 16, 2 ∗ 103
Hz. For the open state of the nucleosome the FRET channel receives the
typical dark ground count rate, B=120 Hz. A simulated time trace for the
acceptor intensity is time, based on Poisson statistics is shown in figure
2.6.
Figure 2.6: Simulation DNA breathing for the FRET intensity. The blue line is the
simulated photon count, the red line corresponds to the average between to step.
Two breathing events are visible at 0.3 and 0.6 seconds. Bleaching of the either the
donor or acceptor is included at the end of simulated time trace. These steps are
found to have a P value less than 1.5 ∗ 10−6 over a width of 5 points. The signal
is binned in units of 5 ms.
10
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Materials and Methods
3.1 Scanning Confocal Setup
The scanning confocal setup was constructed by addition of a piezo stage
(Physik Instrumente; P-517 3CD) to a home-built confocal microscope. A
high resolution image can be made by moving the sample across the objec-
tive. Figure 3.1 shows a schematic diagram of the setup. The green laser,
operating at 514 nm is a diode-pumped solid-state laser (Cobolt). The red
laser, operating at 636 nm is a diode laser (Power Technology).
For the fast modulation, a data acquisition board (National Instruments;
BNC2110) is used. The red laser is directly coupled to an analogue chan-
nel of the board, so its power can be modulated directly. The power of the
green lasers is modulated through the use of an acoustic-optic modula-
tor (Isomet). The modulator is connected to a different analogue channel
of the data acquisition board. Two gray filters (Thorlabs, NDC-50C-4M)
provide extra manual control over the power of the two laser beams.
The two laser beams are combined by DM (dichroic mirror) one (Chroma,
Z514bcm) see figure 3.1. The combined beam is spatially filtered by a sin-
gle mode optical fiber (not shown in figure). DM two (chroma; Z514/640rpc)
directs the laser beam into a 60x water immersion objective (Olympus, Up-
lsApo) with numerical aperture of 1.2.
The emitted fluorescence is separated from the excitation light by DM
two. A pinhole of 75 µm in diameter selects only the light coming from the
focus of the objective.
In a black light-tight detector box located behind the pinhole the main
light beam is separated by DM 3 (Chroma: 640dcxr) into two channels.
One for the fluorescence of the red fluorophores and one for the fluores-
cence of the green fluorophores. Additional filtering is done by emission
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Figure 3.1: An overview of the scanning confocal setup. DM=dichroic
mirror; SPAD=single-photon avalanche diode; PH=pinhole; GF=grey filter;
AOM=acousto-optic modulator; EF=emission filter.
filters (Chroma; hq570/100m and hq700/75m). The transmitted photons
are focussed onto a single-photon avalanche photodiodes (Perkin-Elmer;
SPCM AQR-14) by a tube lens.
The photon detectors are connected to a PRT 400 SPAD Router (Pico-
quant GmbH), which combines the different signals. The router is con-
nected to a TimeHarp 200 Single Photon Counting board (Picoquant GmbH).
The router specifies which detector recorded the photon and from this sig-
nal the photon counting board creates a two bit signal. The router com-
bines the photon arrival times with the channel number into a 32 bit num-
ber that is saved in a T3R file.
The piezo is controlled by a modular digital multi-channel piezo con-
troller (Physik Instrumente; E-712.3CD) connected by usb. The sample is
scanned using a sawtooth wave figure for x line. Step functions are used
for the y and z direction.
All post, mounts, lenses and mirrors were purchased from Thorlabs.
3.2 Image Reconstruction
For the reconstruction of an image the photon arrival times are used. The
last 16 bits of each element in the binary file represent a time tag, tphoton of
12
Version of April 14, 2015– Created April 14, 2015 - 22:08
3.2 Image Reconstruction 13
the photon detection event. This time tag is relative to the internal clock
of the TimeHarp card, which creates pulses at 10 MHz, giving a precision
of 100 ns for single photon detection.
The 16 bit time tag in combination with the internal clock of 100 ns
gives a maximum time span of 216 ∗ 100 ns = 65.536 ms. After this time the
TimeHarp card writes a overflow marker, tover f low to the file. The arrival
time of each photon can be reconstituted as t = tphoton + n ∗ tover f low, where
n is the number of overflow markers that are recorded. This gives the
option to make an infinite time trace with a time resolution of 100 ns.
An image with coordinates x and y and with intensity I is reconstituted
from the resulting time tags. At the beginning of each x-line the piezo
driver sends a marker at time tmarker to the TimeHarp card. This marker
re-initializes the ALEX signal, so each new line starts with the same laser.
Furthermore, reconstruction of the image is based on this marker. For the
y coordinate of each detected photons corresponds t the number of line
maker pulses registered.
The x coordinate of a photon event is calculated from:
x =
tphoton − tmarker
Ntalt
(3.1)
in which talt defines the ALEx period. The intensity I(x,y) is the sum off all
the photons that arrived between Ntalt and Ntalt+1.
The signal I is further split up into four channels, depending on the
photon arrival time with respect to the ALEx phase, and the channel in
which the photon was detected. The first is described by the formula:
tphoton − tmarker
talt
(3.2)
If the result is even, the photon arrived during the red laser excitation;
if the result is odd, the photon arrived during the green laser excitation.
This in combination with the two bits from the router gives four different
channels for the resulting signal:
1. IGex/Gem, donor excitation, donor emission
2. IGex/Rem, donor excitation, acceptor emission (FRET signal)
3. IRex/Gem, acceptor excitation, donor emission (background signal)
4. IRex/Rem, acceptor excitation, acceptor emission
The four images are reconstructed by summing the number of photons de-
tected at each coordinate x,y in each of the four four channels. A schematic
overview is shown in figure 3.2.
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Figure 3.2: Schematic overview of the image reconstruction protocol. The yellow
circles represent the marker sent at each new line. The color of the lines represents
the laser which is active (green (striped) for donor, red for acceptor). As shown,
the lasers are off when the piezo moves back to the beginning of a new line. The
coloured circles are photon detection events corresponding to the colour they are
in. When the number of ALEx period equals the pixel intergration time, we see
that photon 1 is detected at coordinates (0,1) during green laser activation. Photon
two is detected at (4,1) also during donor activation. Photons three and four are
detected at (2,2), at both green and red laser excitation a red photon is detected so
this contributes to IGex/Rem.
3.3 Time Trace Operations
From the image created, operating in the mode scanning, a single position
can be selected. For the creation of a time trace, the piezo stage is moved to
this coordinate, and remains their during acquisition. The resulting time
trace is split into four channels by the same procedure as described for
scanning.
3.4 Sample Preparations
The fluorophores Cy3b (donor) and ATTO647N (acceptor) are inserted
into 601 DNA sequence and placed 80 bp apart so that they will overlap at
the nucleosomes ends. The nucleosomes have an additional DNA tail of
300 bp. After reconstruction by salt dialysis [18] the dyes are located at the
nucleosome diad axis and on the exit point of the DNA. In a fully folded
nucleosome the distance between the would be approximately 4 nm [4].
The sample (either reconstituted nucleosomes or bare DNA) is injected
on a home-made flow cell. The DNA contains a biotin at the end of the 300
bp tail. The biotin attaches to Streptavidin attached to a glass slide coated
14
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with a mixture of PEG/biotin-PEG (20%/0.25%).
DNA and nucleosomes were measured in a buffer containing NP40
and BSA. To extend the lifetime of the fluorophores an oxygen scavenger
system (NP40, BSA) and Trolox was added to reduce photobleaching [8].
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Chapter4
Results
Figure 4.1 shows confocal images of a sample of nucleosomes immobilized
on the bottom of a glass slide. Each spot corresponds to a nucleosome as
examplified by single step bleaching, shown later. Although both dyes are
well represented and can generally be found at the same location, very
few spots show a significant FRET intensity. This result was reported be-
fore [19] and was attributed to (partial) dissociation of the nucleosomes
induced by the nearby surface.
To examine the effects of the immobilization process, we looked at the
FRET efficiency before and after the immobilization. We compare the four
different populations (high and low FRET, donor and acceptor only) be-
tween freely diffusing nucleosomes and nucleosomes attached to the sur-
face. Populations of nucleosomes containing donor only, acceptor only,
and both dyes, with and without FRET are determined, for the confocal
mode through burst analysis from a time trace (figure 4.2), and for the
scanning mode from the peak intensities (figure 4.1). The resulting popu-
lations are shown in figure 4.3. The scanning mode shows a large popula-
tion of the donor only nucleosomes. In contrast the confocal mode shows
a large population of high and low FRET states. Thus we saw that immo-
bilization destabilizes the nucleosome. However, some nucleosomes with
a high FRET signal remained after immobilization.
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(a) Donor channel, representing emission
of the green fluorophore during green
laser excitation.
(b) Acceptor channel, representing emis-
sion of the red fluorophore during red
laser excitation.
(c) FRET channel, representing emission
of the red fluorophore during green laser
excitation. The contrast is increased by a
factor 5, to increase the visiblity of each
nucleosome.
(d) Overlay of the three channels.
Figure 4.1: False-color scan image of a nucleosome sample. The pixel size is 0.2
µm, the total pixel area is 100x100 pixel and the measuring time per pixel is 10 ms.
18
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Figure 4.2: A typical time trace acquired in confocal mode, showing both the
donor only and acceptor only intensities. The peaks in the time trace indicate that
a molecule diffuse through the focal spot. The binning time is 1 ms.
Figure 4.3: Showing the loss of both FRET states after immobilization of the nu-
cleosome. Data is extracted from figure 4.2 and 4.1.
To verify the trend towards the donor only state of the immobilized nu-
cleosomes, the frequency of intensity occurrence for every emission type
(FRET, donor only and acceptor only) of several fluorescent molecules is
calculated (figure 4.4). This analysis shows that the donor channel has the
most molecules exceeding the background level of 2000 Hz. On the other
hand, the acceptor channel has more peaks in the background regime
(< 2000 Hz). In the FRET channel all but one molecule where found in
the background regime. This confirms the vast presence of the donor flu-
orophore in the sample.
In order to characterize the resolution of the focus in the scanning
mode, we calculated the PSF of six molecules (from figure 4.1). The PSF is
found by fitting a Gaussian curve trough intensity profile of the molecules.
A typical example of a fit is shown in figures 4.5(a) and 4.5(b). The mea-
sured width of the PSF exceeds the theoretical value. This could be either
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(a) Counts of donor fluores-
cence
(b) Counts of acceptor fluores-
cence
(c) Counts of FRET fluorescence
Figure 4.4: The intensity distribution of 69 fluorescent peaks from figure 4.1. To
define a peak we looked for a peak above 2000 Hz, the typical background level.
20
Version of April 14, 2015– Created April 14, 2015 - 22:08
21
by non optimal focussing or added artefacts by other optical elements.
Surprisingly, in the x direction we found the same width for red and green
channels (figure 4.5(c)). However, for the y direction the difference in PSF
for the red and green channels comes closer to the difference in theory.
From the PSF we can see that we can resolve single fluorophores when
their separation exceeds 420 nm.
For accurate positioning of the laser focus during measurement of a
time trace, the width of the PSF should be larger than the drift of the mi-
croscope during the measurement. To determine this drift, two scanning
images were acquired with a 16 minutes time lag (figure 4.6). To resolve
the difference in position a single fluorophore was selected and the posi-
tion of the piezo was read out. Yielding ∆x = 4, 8 nm and ∆y = 0.1 nm.
These differences lie well inside the boundary set by the PSF. However, to
have comparable intensities between the images, we needed to change the
z plane in the latter image by 0.5 µm.
Next, we acquired time traces of a number of immobilized molecules.
Peculiarly, there was a difference in the amount of photons detected be-
tween the scanning mode and the time trace mode. For example, in the
scanning mode we detected a total photon rate of 8000 Hz, whereas in
the time trace mode we detected only ∼ 5300 Hz. When switching from
scanning mode to confocal mode we lost, averaged over six molecules,
40± 17% photons. Given the drift in z it is likely that the loss in photons
is related to drift. Still, regardless of the photon loss, we were able to se-
lectively bleach different molecules using the time trace mode. Figure 4.7
shows that the accuracy of the repositioning of the sample is sufficient to
move to the selected molecules from the confocal image.
Selective bleaching was followed in time. These bleaching events are
recognized by a radical drop of the intensity to the background level. Sin-
gle step bleaching indicates a single fluorophore, an example is shown in
figure 4.8. No steps were resolved in the FRET channel, this indicates that
either the nucleosome was disassembled or the nucleosome is in the open
state.
Version of April 14, 2015– Created April 14, 2015 - 22:08
21
22 Results
(a) x direction
(b) y direction
(c) The average PSF width of 6 different fluorescent
peaks.
Figure 4.5: a,b To find the width of the PSF, we fitted a Gaussian trough the inten-
sity profile. The intensity profiles of the different channels indicate co-localisation
of the fluorophores. c The average PSF of 6 fluorophores peaks.
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(a) Image acquired at t = 0 (b) Image acquired at t = 16 min
Figure 4.6: A comparison in position of the fluorophores indicated by the white
arrow. Figure 4.6(a) is taken 16 minutes earlier then figure 4.6(b). Images acquired
using the same settings as figure Figure 4.1.
(a) Before selective bleaching (b) After selective bleachibng
Figure 4.7: Showing the bleaching of selected peaks in the scanning image after
the acquisition of a time trace. The points indicated with the white arrow in figure
4.7(a) are bleached in figure 4.7(b) .
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(a) Donor (b) Acceptor
(c) FRET
Figure 4.8: Single step bleaching is shown in both the acceptor and donor channel.
The small step in the FRET channel at 12 seconds , shows that a small fraction
of the photons, orriginating from the acceptor fluorophore, leaks into the donor
channel. The data is acquired with the time trace mode. The bin time is 5 ms,
talt = 250 µm, N = 20 and steps are detected for P < 1 ∗ 10−6.
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Although single step bleaching can be resolved, most of the bleach-
ing events consisted of multiple steps (figure 4.9). As shown in figure 4.9,
the threefold step in the donor channel indicates the bleaching of three
different donor fluorophores. However, the intensity level is quite low
before the bleaching to ground level, which can be explained by the en-
ergy transfer due to FRET. This is indeed the case since the FRET and the
donor channel bleach simultaneous. Multiple steps were also present in
the acceptor channel, these steps originated from multiple bleaching and
blinking events. All together this indicates the presence of three acceptor
fluorophores in a single peak. Thus, it appears that multiple nucleosomes
are aggregated and could not be resolved separately.
(a) Donor channel (green) and average
between steps (red)
(b) FRET channel (blue) and average be-
tween steps (red)
(c) Acceptor channel (Red) and average
between steps (black)
(d) Rest of acceptor channel
Figure 4.9: Multiple bleaching steps are shown in the acceptor and donor channel,
indicating the presence of maximally 6 nucleosomes. A FRET signal is present
of which bleaching correlates with that of the donor signal. No other steps are
resolved in the FRET channel. The bin time is 5 ms, talt = 250 µm, N = 20 and
P < 1 ∗ 10−6.
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Chapter5
Discussion and Conclusion
Nucleosomes play an important role in the regulation of gene transcrip-
tion and therefore it is crucial to understand their structure and dynamics.
Our approach was to construct a scanning confocal microscope to observe
changes in nucleosome conformation using FRET with ms time resolu-
tion. Using this microscope we immobilized nucleosomes, after which we
scanned the surface and selected several molecules. The selected molecules
were then followed in time until both their fluorophores were bleached.
We were successful in creating surface scans and in creating time traces of
the fluorophores. These time traces had a resolution of milliseconds, how-
ever, due to the limited amount of molecules that showed a high FRET
signal we did not detect nucleosome breathing.
The process of immobilizing the nucleosomes affects the stability of the
nucleosomes and is probably the cause for the clustering effects of the nu-
cleosomes. These artefacts make it challenging to find a stable single nu-
cleosome, in which nucleosome breathing can be resolved. An explanation
for this is that nucleosomes become unstable in low concentrations ([20]
and [21]). Thus, increasing the concentration of nucleosomes or adding
unlabelled nucleosomes to the buffer may help to stabilize the immobi-
lized nucleosomes.
Furthermore, the stability of the immobilized nucleosomes will be in-
creased by keeping them constantly immersed in buffer. Now when the
flow cells where being flushed, to limit the excess of non-immobilized flu-
orophores, the nucleosomes fell dry for some time. The lack of surround-
ing fluid can lead to disassembly of the nucleosome.
Although DNA breathing could not be detected, the characteristics of
the experimental setup could still be determined. We show that the min-
imal distance between different molecules should exceed 420 nm, so that
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they can be resolved. However, this exceeds the theoretical precision of
the diffraction limit (265 nm, red wavelength). Also it is striking that in
the x-direction there is no difference between the green and red PSFs. The
same PSF for green and red light can result from significant hysteresis of
the piezo stage, since the fast movement direction in the protocol is in the
x direction.
The microscope did not show any major drift in the x and y plane. Nev-
ertheless, there is the significant drift of the z direction. Quantifying this
drift will require a point source that is not affected by bleaching and can
stay active for a long time, so successive images can be compared. One
way to learn more about this would be to measure immobilized fluores-
cent beads. From multiple scans with increasing z coordinates, the focal
point in the z direction can be determined. Comparing the different focal
points, the drift can be calculated.
Another challenge in the setup is the loss of roughly 40% of the pho-
tons when switching from scan mode to time trace mode. The amount of
photons detected is not equal to the theoretical calculated photon budget
(paragraph 2.5: ∼ 54 ∗ 103 photons per second). This can be explained by
the drift in the z-direction: the drift in the z direction is approximately the
size of the steps taken in the z-direction: 0.5 µm.
Despite the drift and loss of photons, we were able to detect single
step bleaching, a clear indication of single molecule detection. To resolve
the bleaching we needed a binning time of 5ms. Comparing this to the
characteristic life time for the open conformation of the nucleosome (25
ms) we see that we have a small, but sufficient, time window to detect
the difference in signal in the FRET channel. This is confirmed by the
simulated time traces. Furthermore, it is to be expected that, when the
photon budget is increased, the binning time can be decreased such that
photon count per bin stays constant and breathing can still be resolved by
the student t-test.
Although we did not resolve steps in the FRET channel for a single nu-
cleosome we did see an occasional step in FRET channel. We also showed
that there was a small drop to background level in the FRET channel. This
drop interacts with the bleaching of the acceptor fluorophore. This is an
indication of leakages between the two channels.
In order to confirm the leakage between the channels further experi-
ments need to be performed. A sample containing a FRET fluorophore
pair with the distance between the fluorophores exceeding R0 can be used.
This will give a signal comparable to an open or disassembled nucleosome
with the assurance that there is no FRET signal present.
Then to see if nucleosome breathing can be experimentally resolved,
28
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we suggest a second experiment. In this experiment the FRET signal is
kept as constant as possible. For this we suggest using DNA with the flu-
orophores separated by 15 base pairs, resulting in a constant FRET signal.
Such a constant FRET signal will help to calibrate the microscope further.
In conclusion, we have constructed a scanning confocal microscope
and have shown that we can follow the fluorescence of selected fluorophores
in time with ms resolution. However, experimental conditions need to be
optimized in order to be able to measure nucleosome conformational dy-
namics. The second main issue that has to be addressed is the z drift, so
that the photon budget can be increased. In this study we have shown the
abilities and limitations of measuring immobilized nucleosomes with the
time trace mode of the confocal microscope.
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